Abstract Activators of G-protein Signaling (AGS) are a family of accessory proteins that were discovered as modulators of heterotrimeric G-protein subunits. The primary aim of the present study was to localize Group I and II AGS proteins and determine the renal expression profile using immunohistochemistry and quantitative RT-PCR, respectively, during normal and injured states of the kidney. Group I AGS1 was found to be predominantly localized to the proximal tubule, Group II AGS3 and AGS5 were exclusively localized to the distal tubular segments, and Group II AGS6 was ubiquitously expressed in every nephron segment of the rodent kidney. In rat kidneys following ischemia-reperfusion injury (IRI), Group I AGS1 mRNA was dramatically increased after 24 h by fivefold (P \ 0.05), whereas Group II AGS3 and AGS4 mRNA was significantly decreased at the same time point (P \ 0.05). No significant change in the transcript levels were detected at other time points for any of the AGS genes between control and IRI groups. In polycystic diseased kidneys, mRNA levels for AGS3, AGS4 and AGS6 was significantly increased (P \ 0.05) by 75-80 % in PCK rat kidneys. The identification of Group I and II AGS mRNA and protein in the kidney may provide insight into the potential mechanism of action during normal and varying states of renal disease or injury.
Introduction
Heterotrimeric G-proteins are comprised of distinct Ga and Gbc subunits that are well documented to regulate a vast number of diverse biological functions in the kidney through the activation of cell surface G-protein coupled receptors (GPCRs) (Filardo and Thomas 2012; Ni et al. 2013; Rieg et al. 2013; Spiegel 2007; Vallon et al. 2012) . Using a yeast-based system, a seminal discovery was made to identify new G-protein regulators known as Activators of G-protein Signaling (AGS) Takesono et al. 1999) , which selectively interact with either Ga or Gbc subunits to control their function independent of GPCR activation (Blumer and Lanier 2014) . To date, there are currently 13 AGS proteins that have been directly identified using this approach, which are classified into four distinct groups depending on the type of interaction with the G-protein subunits and their protein structure (Blumer and Lanier 2014; Blumer et al. 2007; Sato et al. 2006) .
In the kidney, the best characterized AGS protein has been the Group II AGS3 protein also known as G-protein Signaling Modulator 1 (GPSM1). In normal adult kidneys from mice, rat and humans, the expression of AGS3/Following acute kidney injury, AGS3/GPSM1 expression is preferentially induced in the outer medullary proximal tubules (Regner et al. 2011) . Abnormally high levels of AGS3/GPSM1 were also detected in the collecting duct epithelial cells from kidneys with a genetic mutation leading to polycystic kidney disease (Kwon et al. 2012; Nadella et al. 2010) . In these studies, the basal expression of AGS5/GPSM2, a close homolog to AGS3, did not differ between the normal and injured renal conditions. The site of renal AGS5/GPSM2 was not determined in these previous studies (Kwon et al. 2012; Nadella et al. 2010; Regner et al. 2011) . Although other AGS proteins have been detected using various methods to analyze whole kidney mRNA or protein, the localization and biological role of these proteins remains largely undescribed in the kidney.
Because of the emerging interest in the function of accessory proteins during organ dysregulation, the aim of the present study was designed to perform immunohistochemical localization and mRNA transcript profiling in normal and pathologically injured (i.e., acute and chronically damaged) rodent kidneys to evaluate the spatial and temporal expression for Group I (AGS1) and II (AGS3, 4, 5, and 6) AGS family members. By elucidating the renal site(s) and expression profiles of Group I and II AGS, we will potentially provide new information on the putative biological function of Group I and II AGS in the kidney.
Materials and methods

Animals and surgical procedures
All protocols used in this study with mice and rats were approved by the appropriate Institutional Animal Care and Use Committee at the Medical College of Wisconsin (Milwaukee, WI) and University of Tennessee Health Sciences Center (Memphis, TN). In this study, rodent models of acute and chronic renal injury were examined to investigate the expression and localization of Group I and II AGS proteins in the kidney. In the first type of renal injury, we performed bilateral ischemia-reperfusion to simulate acute kidney injury, which is associated with a proliferative phase during the recovery of the kidney. In the second type of renal injury, we examined two different genetic models of polycystic kidney disease (PKD), polycystic kidney (PCK) rat and the Pkd1 V/V mouse, and a surgical model of unilateral nephrectomy, which can be considered models that will progress towards chronic kidney disease. PKD models progress towards end-stage renal disease with a proliferative phenotype, whereas unilateral nephrectomy exhibits compensatory hypertrophic response in the remnant kidney. Each of these genetic and surgically rodent models are described below.
Bilateral ischemia-reperfusion injury (IRI)
Male Sprague-Dawley rats (250-300 g) were obtained from Taconic Farms (Oxnard, CA) for the bilateral IRI experiments. All rats were allowed ad libitum access to food and water during the course of this experiment. Rats underwent sham (n = 15) or 30 min bilateral renal ischemia surgeries (n = 15) as previously described by our lab (Regner et al. 2011; White et al. 2014) . Time-control sham surgeries were performed in parallel in which the renal pedicles were not clamped. Upon reperfusion of the kidneys, the rats were allowed to recover for either 1, 3, or 7 days (n = 5 rats/time point), at which point the rats were euthanized for organ collection. Sham and IRI rat kidneys were snap-frozen in liquid nitrogen and stored at -80°C until RNA preparation, or fixed in neutral buffered formalin for paraffin-embedding.
Polycystic kidney disease
Male polycystic kidney disease (PCK) rats were produced from breeder pairs in our lab, and control Sprague-Dawley rats were obtained from Charles River (Portage, MI). PCK rats are an orthologous rat model of human autosomal recessive polycystic kidney disease with a two-base pair mutation in the polycystic kidney and hepatic disease 1 (PKHD1) gene (Lager et al. 2001) . Kidneys were harvested at post-natal week 16 (n = 4 animals/strain), weighed, fixed in neutral buffered formalin, and paraffin-embedded.
Male Pkd1 ?/? and Pkd1 V/V progeny were produced from Pkd1 V/? breeders in our lab, and allowed to survive with their parents until post-natal day 19. The Pkd1
mouse is an orthologous model of autosomal dominant polycystic kidney disease (ADPKD) as previously described (Kwon et al. 2012; Yu et al. 2007) . At day 19, the kidneys were harvested (n = 4), weighed and fixed in neutral buffer formalin for paraffin-embedding.
Unilateral nephrectomy
Male PCK rats (4 weeks of age; n = 17) were anesthetized with pentobarbital (80 mg/kg IP) and a flank incision was made to isolate the left kidney. The left kidney was removed, weighed and cut into two halves. One half was frozen on dry ice for isolation of protein lysates, and the other half was fixed in neutral buffer formalin for paraffinembedding. The unilateral nephrectomized rats were euthanized after 3, 7 and 28 days (n = 4/time point). Kidney weights harvested from normal PCK rats at 4 (n = 5), 8 (n = 10) and 12 weeks of age (n = 5) were analyzed to compare with the hypertrophied kidneys from the nephrectomized 8 week old PCK rats.
To determine the role of the Gpsm1 gene in renal hypertrophy, unilateral nephrectomy was performed in wild-type and Gpsm1-deficient mice (8-12 weeks of age).
Gpsm1
?/-mice were previously generated by Blumer et al. (2008) and maintained in our lab to examine the role of AGS3/GPSM1 in the kidney (Regner et al. 2011) . Following nephrectomy, the remaining kidneys were harvested after 21 days, weighed and fixed in neutral buffered formalin. Kidney-to-body weight ratios were calculated at the end of the experimental period.
Chemicals and antibodies
Monoclonal b-actin antibody (Cat. #A5441) were purchased from Sigma-Aldrich (St. Louis, MO). Primary antibodies were obtained either from commercial vendors or other scientific researchers as follows: RasD1/AGS1 (1:75 dilution; Merck/Millipore cat #AB15794), AGS3/ GPSM1 [1:300 dilution; (Kwon et al. 2012; Regner et al. 2011) , AGS5/GPSM2 [1:300; generously provided by Dr. S. M. Lanier and published in (Blumer et al. 2002) ], and AGS6/RGS12 (1:150 dilution; Millipore Cat. #07-1368). Secondary goat anti-rabbit (Cat. #7074) and horse anti-mouse IgG (Cat. #7076) conjugated to horseradish peroxidase (HRP) were purchased from Cell Signaling Technology (Danvers, MA).
Immunohistochemistry of AGS proteins in the kidney
Mouse and rat kidneys were formalin fixed, paraffin embedded, and sectioned (4 lm) for immunostaining with AGS primary antibodies using previously described protocols by Kwon et al. (2012) . In brief, heat-induced epitope retrieval was performed either by heating (90°C) in antigen retrieval solution (IHC World, Woodstock, MD) or trypsin digestion, subsequently treated with peroxidase, and then the appropriate animal serum was added prior to the incubation with the primary antibody against the specific AGS proteins listed above. In some sections, a collecting duct lectin, Dolichol Bifluorus Agglutinin (DBA), or a proximal tubule lectin, Phaseolus vulgaris erthyroagglutinin (PVE-A), were used to determine specific nephron segments. As a negative control, sections were treated with no primary antibody or when available, primary antibody pre-absorbed with the immunizing peptide. Subsequently, the appropriate secondary antibody conjugated with HRP was used to visualize the binding by detecting the DAB precipitation on the sections. Between each of the steps, the slides were rinsed multiple times in Tris-buffered saline (TBS). All kidney sections were subsequently counterstained with Mayer's hematoxylin solution, cover-slipped, and digitized by light microscopy or a Hamamatsu NanoZoomer HT digital slide scanner.
RNA extraction and reverse transcription (RT)
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) from the control and experimental animal kidneys. The quantity and integrity of the isolated total RNA was analyzed using a NanoDrop Ò ND-1000 spectrophotometer (Wilmington, DE) . Purity of the RNA samples must have exhibited a 260/280 absorbance ratio C1.9 for use in the reverse transcription (RT) assay. cDNA synthesis was performed using 2 lg total RNA and SuperScript Ò III Reverse Transcriptase (Life Technologies, Carlsbad, CA).
Real-time quantitative PCR (qPCR)
Real-time PCR analysis was performed using fluorogenic TaqMan Ò primers from Life Technologies and was listed in Table 1 . The following 13 AGS genes were amplified: AGS1/ Rasd1, AGS3/Gpsm1, AGS4/Gpsm3, AGS5/Gpsm2, and AGS6/Rgs12. All PCR product amplification was normalized to 18S RNA house-keeping gene (HKG). All real-time PCR reactions were performed using 100 ng cDNA sample with (?) and (-) primers at 900 nM each, and 6-FAM TM dyelabeled TaqMan Ò MGB probe (250 nM). PCR cycling conditions included an initial melting time of 10 min at 95°C followed by 40 two-step cycles at 95°C for 15 s and 60°C for 60 s. Each rat kidney sample was assayed in duplicate or triplicate per assay, and each assay was performed at three different times to demonstrate the reproducibility of the findings. As a negative control, no template controls were added to each plate for each gene to ensure the absence of any spurious DNA amplification by the primer combinations. The comparative C T (DDC T ) method was applied for calculating 
relative quantitation of gene expression (Livak and Schmittgen 2001) .
Protein isolation and immunoblot analysis
Brain and kidney tissue from the nephrectomized PCK rats were homogenized in 1X RIPA buffer (Millipore, Billerica, MA) with protease and phosphatase Inhibitors (Pierce Biotechnology), and protein lysates were isolated following differential centrifugation. Immunoblot analysis for AGS3/GPSM1 was performed as previous published (Kwon et al. 2012; Nadella et al. 2010; Regner et al. 2011; Akbulut et al. 2009 ). GAPDH was used as a loading control. The bands were detected on film following incubation in chemiluminescent solution (GE Healthcare, Piscataway, NJ).
Statistical analysis
RT-PCR results are shown as mean ± SD. Statistical analyses were performed using Sigma Plot ver. 11.0 (Systat Software Inc., San Jose, CA, USA). For gene expression analyses, significant differences between control and experimental groups were determined using unpaired Student's t test or Mann-Whitney U-test after checking the distribution of the DC T values by Shapiro-Wilk normality test. If P \ 0.05, this was considered significantly different between time-matched sham and IRI-treated animals. For the kidney measurements, one-way ANOVA was performed in the comparison of kidney-to-body weight ratios between sham and unilateral nephrectomized PCK rats over different time points. If P \ 0.05 was calculated, then Tukey's post hoc test was performed to confirm the significant difference between groups.
Results
Localization of Group I and II AGS proteins in the normal mouse and rat kidneys
As shown in Fig. 1 and summarized in Table 1 , we detected the localization of Group I AGS1/RasD1 primarily in the proximal convoluted tubular epithelial cells within the renal cortex and outer medulla. Expression of AGS1/RasD1 was not observed in DBA-positive collecting duct epithelial cells (Fig. 1b) . The Group II AGS3-6 proteins were more diverse in their localization within the kidney. AGS3/GPSM1 and AGS5/ GPSM2 were localized to the distal tubular epithelial cells.
The localization of AGS3 in the cortical to outer medullary collecting duct epithelial cells was consistent with previous studies in our lab (Kwon et al. 2012; Nadella et al. 2010; Regner et al. 2011) . Under normal conditions, there was no AGS3/GPSM1 protein expression in LTA-stained tubular segments ( Fig. 1c, d ). In addition to the distal tubules, AGS5/ GPSM2 was also expressed in the thick ascending limbs of Henle (Fig. 1e, f) . Neither AGS3/GPSM1 nor AGS5/ GPSM2 was detected in the proximal tubules or the thin limbs of Henle. AGS6/RGS12 was relatively ubiquitous in the epithelial cells in the kidney from the proximal tubules to the collecting ducts, and luminal cells in the blood vessels (Fig. 1g) .
AGS4/GPSM3 was not reliably detected in the rat or mouse kidneys using commercially available antibodies (data not shown). Since we were able to detect mRNA changes for AGS4/GPSM3 in the kidney, the lack of protein detection may be associated with the inability of the antibody to bind properly to the antigen using frozen-or paraffin-embedded tissue samples. Alternatively, the lack of AGS4/GPSM3 expression could be related to a low copy number for the AGS4/GPSM3 mRNA in the kidney tissue, so that it was insufficient for renal tubular protein expression. Immunoblotting of AGS4/GPSM3 in kidney tissue resulted in bands that could not be confirmed with positive control cell lines transfected with AGS4-expressing plasmid (data not shown).
Other than AGS6/RGS12, none of the other Group I and II AGS protein expression was observed in the glomerulus or any vascular structures, including blood vessels in the renal cortex and vasa recta capillaries in the renal medulla. AGS6/RGS12 was intensely stained in the luminal endothelial cells, but not in the smooth muscle layers in the vasculature and minimally in the glomeruli (Fig. 1g ).
c Fig. 1 Localization of Group I and II AGS proteins in normal mouse or rat kidneys. Immunohistochemistry was performed using antigenspecific antibodies to Group I (AGS1/RasD1) and Group II (AGS3/ GPSM1, AGS4/GPSM3. AGS5/GPSM2, and AGS6/RGS12) in paraffin-embedded mouse or rat kidneys. All AGS proteins were observed by the brown DAB staining in each respective section. AGS1 antibody (a, b) was used to immunostain mouse kidneys, and antibodies targeted to AGS3 (c), AGS5 (e, f), and AGS6 (g, h) were used to immunostain Sprague-Dawley rat kidneys. For AGS1, the sections were co-labeled with Dolichos biflorus agglutinin (DBA), which is a selective marker for collecting ducts. Serial sections were performed using AGS3 (c) and PVE-A (d), a marker of proximal tubules, to demonstrate the selectivity of the AGS3-positive tubules were not proximal tubules, but distal tubular in its expression sites. Glm glomerulus, BV blood vessel, arrowhead points to collecting duct tubules (in h); and * indicates proximal tubules (in h). Temporal mRNA expression profile of Group I and II AGS genes from normal kidneys or kidneys following acute kidney injury Sprague-Dawley rat kidneys under normal (n = 5) or following IRI (n = 5) were harvested and total RNA was extracted for analysis by quantitative RT-PCR. The specific primers used to amplify each specific AGS gene are listed in Table 2 . The changes in the gene expression profile for each gene was normalized to 18S rRNA and the relative change in gene expression levels was calculated using the DDC T method (Livak and Schmittgen 2001) . Using this approach, we determined that there was a significant increase of fivefold (P \ 0.01) in the Group I AGS gene expression for AGS1/RasD1 following IRI for 24 h. The steady-state levels of AGS1 mRNA remained elevated at a lower plateau level for the duration of the 7 day experimental period (Fig. 2) .
The Group II AGS gene expression, specifically AGS3 and AGS4 were calculated to have a significant reduction by *70 % (P \ 0.05) in the mRNA levels after 24 h following IRI. After 72 h, AGS3/Gpsm1 mRNA levels demonstrated a dramatic increase of *40 % in the mRNA levels, whereas AGS4/Gpsm3 and AGS5/Gpsm2 mRNA remained 20-30 % lower than normal levels. By day 7, AGS3, 4 and 5 mRNA levels were similar to the sham-operated kidneys. AGS6/Rgs12 mRNA levels were not significantly different at any of the time points analyzed in this assay.
Renal sites of expression for AGS3/GPSM1 and AGS5/ GPSM2 following ischemia-reperfusion injury Consistent with previous studies in our lab (Regner et al.) , AGS3/GPSM1 expression was largely expressed in renal tubular epithelial cells of the collecting ducts (Fig. 3a, b) . The intensity of the AGS3/GPSM1 signal was higher in the cortex than the medulla. AGS5/GPSM2 was expressed in the distal tubular epithelial cells, including thick ascending limbs of Henle and collecting ducts. At 24 h following IRI, the AGS5/GPSM2 protein expression remained in the distal tubular epithelial cells (Fig. 3c-f) . Unlike AGS3/ GPSM1, the induction of AGS5/GPSM2 protein was not observed in damaged proximal tubular structures. Moreover, neither AGS3/GPSM1 nor AGS5/GPSM2 expression was detected in vascular structures, like vasa recta bundles, or glomeruli following IRI.
AGS6/RGS12 expression was throughout the renal tubular epithelial cells following IRI (Fig. 3g, h ), but there was no distinct change in the intensity other than the tubular structures that contained casts did not express AGS6/RGS12 protein unlike AGS3/GPSM1.
Changes in the gene expression levels for Group I and II AGS genes from non-cystic and polycystic kidney diseased kidneys To investigate whether chronic renal diseases with a proliferative phenotype have altered AGS gene expression, we examined polycystic kidney (PCK) rat kidneys and their non-cystic Sprague-Dawley (SD) controls at post-natal Relative gene expression was determined by the DDC T method using 18S RNA level for normalization. Data is shown as mean ± STD. Statistical analysis was performed on DC T values to compare gene expression between injured (n = 5) and sham (controls) groups (n = 5). *P \ 0.05 was considered significant week 16 using the same quantitative RT-PCR methods described for the IRI experiment (Fig. 4) .
Using this approach, we were unable to detect any significant change in the AGS1/RasD1 and AGS5/Gpsm2 mRNA levels between non-cystic SD and PCK rat kidneys. On the other hand, AGS3/Gpsm1, AGS4/Gpsm3, and AGS6/Rgs12 were calculated to have a significant increase with 83 % (P \ 0.01), 89 % (P \ 0.05), and 76 % (P \ 0.05), respectively, in the cystic PCK rat kidneys compared to non-cystic controls.
Localization of AGS proteins in rodent kidneys affected by polycystic kidney disease AGS1/RasD1 (Fig. 5a ) and AGS6/RGS12 (Fig. 5b) were observed in proximal tubular epithelial cells from Pkd1 V/V mouse kidneys. No observeable staining for AGS1 or AGS6 was detected in the cystic epithelial cells.
On the other hand, AGS5/GPSM2 was observed in the cystic epithelial cells in both the Pkd1 V/V mouse kidneys (Fig. 5c, d ) and PCK rat kidneys (Fig. 5e, f) .
Role of AGS3/GPSM1 in the process of renal hypertrophy following unilateral nephrectomy Since AGS3/GPSM1 mRNA and/or protein is induced or increased under pathological states of acute or chronic renal proliferative injuries, we hypothesized whether AGS3/GPSM1 may play a role during other renal processes that may be activated to regulate cell size, i.e., renal hypertrophy.
As a model of renal hypertrophy, we performed unilateral nephrectomy in PCK rats at post-natal 4 weeks of age. After 3 (n = 4), 7 (n = 4) and 28 days (n = 4) after unilateral nephrectomy, the rats were euthanized and the kidneys were removed and weighed. As shown in Fig. 6a , there was a significant reduction of 47 % (P \ 0.05) in the KW/BW ratio at day 3 following nephrectomy. Afterwards, there was a trend for the KW/BW ratio to increase back towards sham-treated PCK rats (n = 10) demonstrating that the remaining contralateral kidney in the nephrectomized PCK rat was capable of increasing its size. The two-kidney weight in 4 week old PCK rats was measured to be 1.28 ± 0.2 g (n = 5). At 8 weeks of age, the kidneys increased in size and averaged 3.45 ± 0.53 g (n = 10) in PCK rats. In our study, unilateral nephrectomy accelerated the size of the remaining kidney to weigh nearly the same (3.04 ± 0.15 g; n = 4) as two kidneys from naïve 8 week old PCK rats or a single kidney from a 12 week old normal PCK rat (3.31 ± 0.14 g; n = 5). These findings would suggest that kidney growth can be accelerated in the PCK rat using surgical nephrectomy.
To determine whether the expression of AGS3/GPSM1 was altered during the hypertrophic process, whole kidneys were isolated after 3 and 7 days after the nephrectomy for immunoblot analysis (Fig. 6b) . AGS3/GPSM1 protein expression was not readily detectable at this early time points, which differs from our previous IRI rat and mouse studies where robust AGS3/GPSM1 expression was detected within 1-3 days after the biological insult (Regner et al. 2011) .
To confirm whether AGS3/GPSM1 played a role in renal hypertrophy, wild-type Gpsm1
?/? (n = 6) and genetically deficient Gpsm1 -/-mice (n = 5) were compared for their ability to undergo hypertrophy following surgery to remove a single kidney. The hypertrophied kidney was evaluated 21 days after the nephrectomy by measuring their kidney-to-body weight ratio, which would be an index of the growth of the kidney. As shown in Fig. 6c, d , the KW/BW ratio was not different between Gpsm1 -/-(n = 5) versus wild-type Gpsm1 ?/? littermates (n = 6), which would suggest that the increased kidney growth is not dependent upon the expression of full-length AGS3/GPSM1 protein.
Discussion
Activator of G-protein Signaling (AGS) is a group of accessory proteins that were identified using a genetically modified yeast strain deficient of the pheromone receptor and expressing a mutant yeast-human Ga subunit Takesono et al. 1999; Nielsen et al. 1993; Sato et al. 2011 ). At present, AGS proteins are classified into four distinct groups depending upon their protein structure and type of interaction with either a or bc subunits of the heterotrimeric G-protein (Blumer and Lanier 2014) .
Group I AGS proteins
AGS1 was the first protein isolated from the yeast screen by Cismowski et al. (1999) and was classified as a Group I AGS protein. Group I AGS proteins function as a guanine nucleotide exchange factor (GEF), which can activate GTPases by facilitating the switch of a guanosine diphosphate (GDP) with a guanosine triphosphate (GTP). AGS1 has alternate names, RasD1 and Dexras1, and is a dexamethasone-inducible member of the Ras superfamily of small GTPases. AGS1/RasD1 mRNA was detected at lower abundance levels in the mouse (Kemppainen and Behrend 1998) and human kidneys (Kemppainen et al. 2003; Tu and Wu 1999; Vaidyanathan et al. 2004 ) compared to the skeletal muscle, heart and the brain. Kemppainen and Behrend (1998) showed AGS1/RasD1 mRNA induction in the kidney after 60 min following a bolus injection of dexamethasone. In our study, we observed a significant increase in the expression of AGS1/ RasD1 mRNA following renal IRI in Sprague-Dawley rats. Since AGS1/RasD1 is predominantly expressed in the proximal tubules in the renal cortex and outer medulla, which are the nephron sites that are most sensitive to ischemic injury, it may play a role in the recovery process following IRI. On the other hand, AGS1/RasD1 was not detected in the cystic epithelial cells from the Pkd1 V/V mouse, and only in proximal tubular cells, which would likely suggest that this protein has no pathological role in the progression of cystogenesis. Further studies are warranted to better describe the functional role of AGS1/ RasD1 in the kidney.
More recently, three accessory proteins that were not originally isolated from the yeast screen have been included as a Group I AGS protein, because of their protein structure and proposed mechanism of action (Blumer and Lanier 2014) : (1) Ras homolog enriched in striatum (Rhes), which is also known as tumor endothelial marker 2 (TEM2) or RasD2; (2) GIV/Girdin (Girders of actin filaments)/APE (Akt phosphorylation enhancer); and (3) Ric-8. To date, the expression of Rhes/RasD2 (Spano et al. 2004) , GIV/Girdin (Anai et al. 2005) , and Ric-8 (Miller et al. 2000; Tonissoo et al. 2003 Tonissoo et al. , 2006 are minimally expressed in the normal kidney, but there is a recent study demonstrating that GIV/Girdin can be selectively induced following chemical injury (Wang et al. 2014) . Upon induction, GIV/Girdin forms a complex with Ga i to protect the glomeruli by activating Akt signaling (Wang et al. 2014 ).
Group II AGS proteins
Group II AGS proteins are characterized by the presence of one or more GoLoco/G-protein regulatory (GPR) motifs at the C-terminal end, which plays a critical role in selective binding to Ga i2 / i3 subunits. Group II AGS proteins can be categorized into three distinct types based upon their protein structure.
The first type of Group II AGS proteins contain N-terminal tetratricopeptide repeats and 4 C-terminal GPR domains separated by a linker region. AGS3/GPSM1 and AGS5/LGN/GPSM2 are mammalian homologs of the Drosophila Partner of Inscuteable (Pins) protein, and the primary members exhibiting this type of protein structure. AGS3/GPSM1 expression has been previously shown to be restricted to the distal tubular segments of the nephron in mature rodent kidneys (Kwon et al. 2012; Nadella et al. 2010; Regner et al. 2011) , which is consistent with the findings in the present study. AGS5/LGN/GPSM2 was found to be exclusively expressed in distal tubule segments of the nephron, including the thick ascending limb of Henle and collecting ducts, in mature rodent kidneys.
In animal models of polycystic kidney disease, the expression of AGS3/GPSM1 remains elevated in the cystic epithelial cells in the collecting duct, which are known to be actively proliferative (Kwon et al. 2012; Nadella et al. 2010) . Similarly, there is marked induction of AGS3/ GPSM1 protein expression during the regenerative phase of the proximal tubular epithelial cells following bilateral ischemia-reperfusion injury (Regner et al. 2011) . Unlike AGS3/GPSM1, the protein expression of AGS5/GPSM2 was unchanged regardless of the proliferative state of the epithelial cell (Kwon et al. 2012; Nadella et al. 2010; Regner et al. 2011) . However, the intensity of the AGS5/ GPSM2 protein levels appeared higher than the endogenous expression of AGS3/GPSM1 (Nadella et al. 2010; Regner et al. 2011) . In these previous studies, AGS3/ GPSM1 was induced by biological stress on the tubular epithelia and may be involved as a compensatory protein to promote epithelial cell repair and recovery, particularly during the proliferative phase of the repair process. Although the biological role for AGS5/GPSM2 in the kidney remains largely undescribed, there is evidence in vitro that AGS5/LGN may play a role during proliferative disease processes by controlling cyst formation in a renal epithelial cell system (Xiao et al. 2012; Zheng et al. 2010) . The in vitro effects of AGS5/GPSM2 to promote cystogenesis may be consistent with the localization of this protein in the tubular epithelial cells that became cystic in multiple rodent models of ARPKD and ADPKD.
Since there is increasing evidence for Group II AGS proteins to modulate tubular epithelial cell recovery following biological injury associated with proliferation, we further examined whether AGS3/GPSM1 expression could be induced during other mechanisms leading to cellular growth, such as hypertrophy. Unlike IRI, there was no detectable change in the expression of AGS3/GPSM1 during the initial seven days following the unilateral nephrectomy procedure. Second, there was no significant difference in the kidney weight between wild-type Gpsm1
?/? and null Gpsm1 -/-mice after 3 weeks following unilateral nephrectomy. These data would suggest that AGS3/GPSM1 may not play a crucial role in the hypertrophic response unlike its pivotal role during hyperplasia (Kwon et al. 2012; Nadella et al. 2010; Regner et al. 2011 ). However, it is possible that other accessory proteins, which exhibits similar localization pattern in the kidney and overlapping function on G-protein regulation as AGS3/GPSM1, such as AGS5/GPSM2, or truncation forms of AGS3/GPSM1 normally observed in non-renal organs (Pizzinat et al. 2001) could have compensated for the genetic loss of AGS3/GPSM1 during hypertrophy allowing the kidney to maintain its ability to grow. Alternatively, AGS3/GPSM1 has been shown to function as a repair protein through the activation of Gbc signaling (Kwon et al. 2012; Regner et al. 2011; Nadella et al. 2010) . Global blockade of Gbc signaling in the kidney following IRI results in the inability of the damaged renal tubular epithelial cells to fully recover (White et al. 2014) , but it remains to be determined what role, if any, Gbc signaling controls in the process of tubular epithelial cell hypertrophy. The second type of Group II AGS proteins contains AGS6/RGS12, RGS14 and Rap1GAP, which are identified by the presence of a single GPR motif and other protein regulatory domains that function to accelerate Ga-GTP hydrolysis (Blumer and Lanier 2014) . Previous studies detected human RGS12 mRNA in the whole kidney (Snow et al. 1998) , but not in the mouse using Northern blot analyses (Yang and Li 2007) . Our study confirms the presence of AGS6/RGS12 in the rat kidney, but the expression is relatively weak to moderate throughout the nephron segments and cells lining the lumen of the vasculature. The GTPase activity of AGS6/RGS12 plays a major role in the function of AGS6/RGS12 (Snow et al. 1998) , while further studies are needed to characterize the GPR motif and elucidate the biological function for AGS6/ RGS12 in the kidney.
In terms of RGS14 and Rap1GAP, neither were evaluated in this study due to their relatively restricted expression in adult mice. RGS14 is an accessory protein that interacts with Rap1/2 and Ga o subunits, and its mRNA expression was restricted to the spleen and select regions in the brain (Traver et al. 2000) . Rap1GAP functions to inactivate RAP1 activity by accelerating the degradation of GTP-bound to Rap1 (Spilker and Kreutz 2010; Willard et al. 2004) , and its expression in the kidney is limited to renal carcinoma cells (Kim et al. 2012 ) and podocytes within the renal glomeruli (Potla et al. 2014) .
The third type of group II AGS proteins consists of 3 proteins, AGS4/GPSM3 (Cao et al. 2004 ), a truncated form of AGS3 (AGS3-SHORT) (Pizzinat et al. 2001) , and Pcp-2/L7/GPSM4 (Nordquist et al. 1988) , which has multiple C-terminal GPR domains, but no other defined regulatory protein binding sites. In the present study, we detected AGS4/Gpsm3 mRNA in the rat kidney similar to previously published studies (Cao et al. 2004 ), but we were unable to confirm the protein translation or localization in the kidney. A recent study has shown that AGS4/GPSM3 can interact with intracellular proteins, such as 14-3-3, to reduce protein degradation (Giguere et al. 2012) , which may be absent in the kidney. This could alter the rate of degradation of AGS4/GPSM3 protein and could be one contributing factor leading to the inability to detect this protein in the kidney sections. For this reason, AGS4/ GPSM3 has been largely studied in other cell types, particularly immune cells, due to its relatively high expression levels (Cao et al. 2004; Billard et al. 2014) . Functionally, there is evidence that AGS4/GPSM3 couples to Ga i subunits to modulate agonist-dependent G-protein coupled receptor signaling (Oner et al. 2010) .
The other type III proteins in Group II AGS were not examined for renal expression in this study. First, Pcp-2/ L7/GPSM4 has been shown to have exclusive expression in the central nervous system and retinal bipolar neurons (Nordquist et al. 1988; Saito et al. 2005) . Second, the two truncated isoforms of AGS3/GPSM1, known as AGS3-SHORT1 and AGS3-SHORT2 (Pizzinat et al. 2001) , are not able to be discriminated from full-length AGS3/ GPSM1 in the kidney using the available antibodies. Both AGS3-SHORT isoforms contain only the 4 GPR motifs, and are devoid of the N-terminal tetratricopeptide region (TPR) and most of the linker region. Conceivably, these truncated isoforms will likely maintain their ability to interact with Gai subunits, but their subcellular localization and G-protein subunit modulation may be distinct to fulllength AG3/GPSM1, which can interact with other proteins V/V (a-d) and rat (e, f) PCK kidney models of polycystic kidney disease (PKD). AGS1, AGS5, and AGS6 were immunostained in kidneys sectioned from the Pkd1 V/V mouse at post-natal day 19. In the PCK rat kidneys at 26 weeks of age, AGS5 immunostaining was performed and shown in (e) and (f). Scale bars 200 lm (a-e), 50 lm (f) J Mol Hist (2015) 46:123-136 133 in the N-terminal TPR or linker region (Blumer et al. 2003) . It is important to note that these short forms of AGS3/GPSM1 are observed in the heart from Gpsm1 -/-mice (Blumer et al. 2008 ), but we have not detected these bands in the normal kidneys (unpublished observations).
Limitations in determining the role of AGS in the kidney
The identification of Group I and II AGS proteins at the level of mRNA and protein expression in the kidney provides molecular and cellular evidence that there may be a biological role for these accessory proteins in the kidney. However, the biological relevance of Group I and II AGS in the kidney requires further investigation in genetically modified animal models. At present, mouse models that are genetically deficient for AGS1 (Cha et al. 2013; Chen et al. 2013; Cheng et al. 2004 ), AGS3 (Regner et al. 2011; Blumer et al. 2008) , AGS4 (Giguere et al. 2013 (Giguere et al. , 2014 , AGS5 (Konno et al. 2008 ) and AGS6 (Yang et al. 2013 ) are available, so the opportunity exists to determine whether changes in the AGS gene expression can play a crucial role during various pathologies in the kidney. In summary, this study provides valuable new information regarding the expression and spatial localization of the Group I and II AGS proteins in normal and pathologically injured or diseased kidneys. AGS proteins have diverse biological function, and exhibit varied sites of expression within the nephron. Minimal to no expression of AGS proteins are detected outside of the renal tubular epithelial cell, except for AGS6/RGS12 in the endothelial cells. These findings would provide some insight into the biological function of AGS proteins by allowing us to determine their site of action within the nephron, which has distinct roles in fluid and electrolyte balance, pH regulation, and hormone production. Fig. 6 AGS3/GPSM1 does not play a role in the hypertrophic response of the kidney after unilateral nephrectomy. Male PCK rats (4 weeks of age) were either sham-or unilaterally nephrectomized and euthanized for kidney collection after 3, 7 or 28 days (n = 4 for each time point). a Kidney-to-body weight ratio is an index of the kidney size and were calculated at each time point. *P \ 0.05 significant difference between the sham-operated PCK rat kidney control group. b Western blot analysis was performed using the kidney lysates (50 lg/lane) isolated from the PCK rats with (Npx) and without unilateral nephrectomy (Cont.). GAPDH was used as a loading control. Brain (1 lg) was used as a positive control for the detection of AGS3. Npx = unilateral nephrectomy. c, d Wild-type and Gpsm1-deficient mice were unilateral nephrectomized at day 0, and the remaining kidney was harvested 21 days later to measure kidney weight. Body weight was measured at multiple time points throughout the experimental period (c), including at the time of euthanization to calculate the kidney-to-body weight (KW/BW) ratio, which is an index of renal hypertrophy (d). The number of animals used in this experiment are shown in the bars
